given that bulk GeS-type monochalcogenides belong to a different space group (Pnma) [25] than bulk SnTe (R3m). [14, 15, 26] Here, applying variable temperature scanning tunneling microscopy (VT-STM), we have studied the structure and polarization of few-layer SnTe films grown on graphene substrates over a wide temperature range, from 4.7 K to over 400 K. We have discovered an antipolar layered orthorhombic structure (γ-SnTe) in ultrathin SnTe films, which is isostructural to the GeStype monochalcogenides. This phase, which does not exist in bulk SnTe under ambient pressure but becomes dominant in atomic-thin SnTe films, is found to be responsible for the enhanced ferroelectric T c . These observations are also supported by detailed ab initio calculations. Furthermore, the transition temperature at which the γ-SnTe films thicker than 4 AL lose their spontaneous polarization is found to be over 400 K. An example of the phase transition from this layered orthorhombic structure to the rock salt structure in a SnTe nanoplate was also captured during the VT-STM experiment.
As a result of the fine balance between ionic, covalent, and resonant bonding, a tunable structural instability emerges from MX materials. [3, 27] Bulk SnTe can crystalize in three structures under different temperature and pressure conditions. At high temperatures and under ambient pressure, bulk SnTe displays a rock salt structure with the space group 3 Fm m (β-SnTe), while by reducing the temperature, a rhombic distortion along the ⟨111⟩ directions takes place resulting in the R3m symmetry, which is a ferroelectric phase (α-SnTe, Figure 1a-d) . [14, 15, 26] This behavior is similar as GeTe. [28] The transition temperature T c is 670 K for GeTe [28] and ≈100 K for SnTe. [14] Both of these two materials suffer from a large amount of intrinsic cation vacancies, which creates a p-type carrier concentration as high as 10 20 -10 21 cm -3 . [29] [30] [31] At room temperature, when the pressure is in excess of 18 kbar, SnTe transitions into a layered orthorhombic phase with the space group of Pnma (γ-SnTe, Figure 1e -h). [32] This phase is isostructural to antipolar-stacking bulk GeS, SnS, GeSe, and SnSe at room temperature. [25] The neighboring vdW-MLs in these materials distort in the opposite way along their c axis (corresponding to the ⟨110⟩ directions of rock salt lattice). Although local spontaneous polarization takes place inside each vdW-ML, there is no net polarization in the www.advmat.de www.advancedsciencenews.com system as a whole. The lattice distortions are also associated with weaker bonding between the vdW-MLs, which drives the complete system into a layered material. The spontaneous polarization can be suppressed at elevated temperature. Under ambient pressure, SnS and SnSe transform into the space group Cmcm and lose the intra-layer polarization at 887 and 807 K, respectively. [33] Since one unit cell in the α-SnTe or β-SnTe contains 2 atomic layers (AL), while the unit cell in γ-SnTe contains 4 AL, we use the atomic layer (AL) as a universal unit to describe the film thicknesses in all these various SnTe phases. At low temperatures (4.7 or 77 K in our measurements), α-SnTe and γ-SnTe coexist in the several-layer thick SnTe samples, while at high temperatures (300 K and above in our experiments), β-SnTe and γ-SnTe coexist.
The α/β-SnTe and γ-SnTe phases can be identified from the topography of the films (Figure 1i-m) by means of the following criteria: i) the thickness of γ-SnTe films is always an even number of ALs, while in α/β-SnTe films, both odd-and even-AL thicknesses can appear; ii) for a certain substrate temperature during growth, the surface terraces on γ-SnTe films are always much wider than those in the α/β-SnTe films, because of the van der Waals nature of γ-SnTe films; iii) the surface defect density of the α/β-SnTe films is usually higher than 10 13 cm -2 , while in the γ-SnTe films it is only 10 10 -10 11 cm -2 .
The distribution of the structural phases shows a strong thickness dependence. The 2 and 4 AL films are always in the γ-SnTe phase. Almost all the 6 AL films are in the γ-SnTe phase.
The rare examples of 6 AL films in the α/β-SnTe are found in some areas that are adjacent to the thicker α/β-SnTe films. [34] No film with thicknesses of 1, 3, and 5 AL was observed in any of our experiments, indicating strong coupling between the two ALs in each vdW-ML of the γ-SnTe films. Large scale α/β-SnTe begins to emerge when the thickness is 8 AL. The thicker the film, the higher possibility that it crystallizes in the α/β-SnTe phase. No film thicker than 20 AL has yet been found to be in γ-SnTe phase.
In a single crystal nanoplate, once the film transforms into the α/β-SnTe at a critical thickness d c , those terraces thicker than d c will always be in the α/β-SnTe phase. [34] Different nanoplates have different d c , and sometimes a whole nanoplate can remain in the γ-SnTe phase, even when its thickness is larger than 8 AL. This implies that the energetically not favorable γ-SnTe is still metastable when the thickness is 8-20 AL. Interestingly, in a rarely-found 6 AL film in the α-SnTe phase, the atomic lattice connects continuously to the neighboring γ-SnTe, with the border line between the two phases being atomically sharp (Figure 1n ). The two areas in the different phases are on the same terrace, but the apparent height of α-SnTe phase is 1.6 Å higher than that of γ-SnTe phase at the sample bias -0.2 V. This is because the valence band maximum (VBM) in the α-SnTe has been pushed to higher energy as a result of the heavy p-doping from Sn vacancies, which induces higher tunneling current for a certain tunneling barrier width. When scanned in a constant current mode, the tip is lifted up to maintain the tunneling current unchanged in the α-SnTe area.
Given that the γ-SnTe phase does not exist in bulk SnTe at ambient pressure, it is necessary to demonstrate that the newly observed phase in ultrathin SnTe films exhibits GeS-like features, most importantly, the antipolar stacking sequence among consecutive vdW-MLs. This fact can be revealed by inspecting the magnitude of band bending at the edge, the brightness of the domain walls, and the orientation of atomic defects.
Because of the antipolar inter-layer coupling between the vdW-MLs in the γ-SnTe phase, films with a thickness of 4n AL (n = 1, 2, 3…) have no total polarization, while those 4n -2 AL display a finite total polarization (Figure 2a) . Therefore, the edges of the 4n AL films are electrically neutral, whereas the edges along the ⟨011⟩ directions (represented with the basis of GeS unit cell, equivalent to the ⟨100⟩ directions in rock salt unit cell) of the 4n -2 AL films possess positive or negative bound charge, depending on the direction of the polarization. This behavior is revealed by a spatially resolved dI/dV spectra recorded along the straight lines perpendicular to the edges, which displays band bending induced by the bound charge through the shift of the features with high dI/dV intensity on the spectra (Figure 2b -j). These peaks are most probably the quantum well states in the conduction band. When the polarization points toward (away from) the edge, positive (negative) bound charge is induced at the edge, which bends the bands downward (upward). Our results show that the magnitude of band bending of 2 and 6 AL nanoplates are both approximately 0.2 eV upward and -0.25 eV downward, while the band bending in 4 AL nanoplates is much smaller. Since the two vdW-MLs with antipolar coupling can induce vertical dipoles at the ⟨011⟩ edges of 4 AL nanoplates, the band bending with a magnitude smaller than 0.1 eV can still be observed in 4 AL nanoplates. [34] This difference in band bending magnitude is reasonable, because the electric field induced by the edge dipoles in 4 AL nanoplates decays much faster than the edge charges in 2 and 6 AL nanoplates. Strong band bending can only be observed in γ-SnTe nanoplates. In contrast, we did not find any observable band bending at the edges in α-SnTe, which is a consequence of the strong screening effect of the p-type carriers introduced by the high concentration Sn vacancies, and despite of the fact that a lattice distortion is implied by the broken fourfold rotational symmetry in the Fourier transformed images. [17] Aside from the edges, bound charge can also be induced at the domain walls on which there is ∇ · P ≠ 0. Again, although the 4n AL thick films have no total polarization, finite band bending near the domain wall can still be observed at the surface of the film. On the surface of a single crystal γ-SnTe film, the neighboring terraces with a step height of 2 AL should have opposite directions of polarization in the topmost vdW-ML. As Figure 2k shows, when a 180° domain wall goes across these terraces, the signs of the bound charge are opposite on the neighboring terraces, leading to alternatively upward (brighter) and downward (darker) band bending at the domain wall.
With the inversion symmetry broken in the topmost vdW-ML of the γ-SnTe films, the point defects on the surface also show a noncentrosymmetric shape. Two types of point defects are discovered on the γ-SnTe films (Figure 2m-o) , among which the brighter one (imaged at the sample bias voltage close to VBM) is explicitly noncentrosymmetric. The orientations of these point defects are opposite on the neighboring terraces, which is another strong implication of antipolar inter-layer coupling in γ-SnTe. According to our ab initio calculations, we ascribe the noncentrosymmetric bright defect to a Sn vacancy. [34] The calculations reproduce the enhancement of tunneling current at www.advmat.de www.advancedsciencenews.com one side of the defect. The orientation of the defect with respect to the polarization direction also agrees with the experiments. Interestingly, the simulation also shows that the experimentally observed quasi-square lattice at the bias voltage of -0.2 V (close to VBM) is the Sn sublattice, rather than the Te sublattice observed on the surfaces of thick α-SnTe. [17] This is probably because the Sn atoms are slightly higher at the surface of γ-SnTe (Figure 1f,h) , while in α-SnTe, the lattice distortion is so small that Sn and Te atoms are almost on the same height.
Our ab initio calculations also support the preference of γ-SnTe phase as the thickness of SnTe film decreases. Figure 2p compares the calculated relationship between the distortion angle Δα and the total energy in the films with different thickness and stacking sequences at T = 0 K. In 4 AL films, the energy minimum of γ-SnTe phase is lower than that in α-SnTe phase, implying that γ-SnTe phase is more stable. Starting from 6 AL, the α-SnTe phase becomes the most energetically favorable. The calculated transition thickness from γ-SnTe to α-SnTe phase, 6 AL, is close to that in the experiments, which is 8 AL. Besides, as the film becomes thicker, the energy difference between α-SnTe and γ-SnTe phases increases, which also agrees well with the experiments: the percentage of the metastable γ-SnTe decreases rapidly as the film thickness increases. Although not directly measurable in STM experiments, our ab initio calculations have suggested a total polarization of 2.3 × 10 -10 C m -1 for both 2 and 6 AL thick γ-SnTe films. [34] Here the 2D polarization is defined as the dipole per area. It should be noted that in order to get a stable γ-SnTe structure, in addition of the antipolar stacking, a horizontal shift by c/2 must also be applied between the two vdW-MLs in one unit cell. This structure agrees with the Pnma symmetry of the GeS prototype. Strictly speaking, the 4n AL thick AB phase films belong to the Pnma space group, which is centrosymmetric, while the 4n -2 AL thick films belong to the Pmn2 1 space group, which is noncentrosymmetric and hosts a finite total polarization. It should also be noted that, although calculations show an optimal value Δα of around 1° in the α-SnTe phase, such a large distortion angle is actually not achievable in the realistic films. The reason is that the automatically generated Sn vacancies [31] induce deterioration to the lattice distortion, making the Δα too small (≈0.1°) that almost not resolvable by STM measurements. [29] Since the γ-SnTe films show a significant lattice distortion at room temperature, it becomes relevant to explore the transition temperature T c at which the spontaneous polarization disappears. In order to trace the temperature dependence of the lattice distortion, VT-STM experiments have been carried out above 300 K (Figure 3) . By imaging two domains across a 90° domain wall simultaneously with atomic resolution, we can extract the splitting of the Bragg spots by a fast www.advmat.de www.advancedsciencenews.com can be determined from the splitting of the Bragg spots of the surface lattice. [16] For all the thicknesses that we have measured, 4-12 AL, Δα keeps decreasing as temperature increases. The trend of the Δα -T curves implies a value of T c well above 400 K. Measurements above 400 K are very difficult because the domain walls are highly mobile at such temperatures. For a certain temperature, Δα increases from 4 to 8 AL, and reaches saturation when the thickness is larger than 8 AL. At room temperature, the largest Δα of ultrathin SnTe films is 1.8°, which is even larger than that of the bulk γ-SnTe under high pressure (1.4°). [32] Such a Δα value is still smaller than that in bulk GeS (9.4°), [35] GeSe (7.6°), [25] SnS (4.8°), and SnSe (3.9°). [33] Thereby, even more robust polarization is expected in the ultrathin films of the latter four compounds, since a higher T c is usually associated with a larger lattice distortion.
When the thickness is larger than 8 AL, the films in the metastable γ-SnTe phase can occasionally overcome the energy barrier and transit into the stable β-SnTe phase at elevated temperature. We have captured such a transition during the VT-STM experiment (Figure 4) . In this particular case, the transition happens at 360 K in a nanoplate that is fully in the γ-SnTe phase at 300 K. The transition can be recognized from several features: i) the double AL steps immediately become zigzag-shape, with the preferred step orientation along the ⟨110⟩ direction (rock salt index); ii) the domain wall in the original γ-SnTe phase nanoplate disappears; iii) the dramatic change on the dI/dV spectra. The last feature is the definitive evidence of the phase transition. In the γ-SnTe phase, the dI/dV intensity of the conduction band is much higher than that of the valence band. This is probably because the conduction band is mainly composed of the orbitals of Sn, [34] and the Sn atoms are higher on the surface in the γ-SnTe phase (Figure 1g,h) . The bandgap experiences a dramatic increase as the thickness decreases, which is in agreement with a previous study. [16] The Fermi level is inside the bandgap in the γ-SnTe films. By contrast, the dI/dV spectra measured on the β-SnTe films show similar intensity in conduction and valence bands. The change of bandgap size with thickness is much smaller than that in the γ-SnTe phase, most probably because of the in-gap impurity bands generated by a large amount of Sn vacancies, [34] which also pull the Fermi level into the valence band. Measuring the dI/dV spectra, we can identify the phase of each terrace. In this example, all the terraces over 8 AL turn into β-SnTe at the same time. The shape of the β-SnTe terraces is not stable at 360 K. After 30 min of the phase transition, some single AL steps begin to emerge on the surface of the nanoplate. The β-SnTe area gradually expands, and the whole nanoplate becomes β-SnTe after 12 h. [34] This behavior is consistent with the 3D structure of the β-SnTe. On the contrary, if no phase transition happens, the nanoplates in the γ-SnTe phase keep their shape up to 400 K. [34] Among all the films with different thicknesses that we have studied, the 6 AL γ-SnTe film is especially promising from the perspective of both fundamental research and applications, because i) the γ-SnTe phase is stable up to over 400 K; ii) it has a nonzero total in-plane polarization and a large band bending at its edge; and iii) it is easy to prepare, since almost all the 6 AL SnTe films are in the γ-SnTe phase. Although not demonstrated in this study, it is still possible that the polarization in 4n -2 AL (n ≥ 2) thick γ-SnTe films can be switched by an external electric field, and thus serve as ferroelectrics. Exploring the switching behavior in them would be an important task for future studies.
Comparing with the single layer transition metal dichalcogenides, which can be regarded as the graphene without inversion symmetry, [36] the ultrathin group-IV monochalcogenide Adv. Mater. 2018, 1804428 www.advmat.de www.advancedsciencenews.com films with the space group Pmn2 1 , which resemble a black phosphorus monolayer without inversion symmetry, [22, 24] are still not sufficiently studied. The large spin-orbit coupling in this noncentrosymmetric film may also induce fascinating effects, such as spin Hall effect and valley Hall effect. [36, 37] Valley-selective excitation in 2 AL thick GeS-type materials with polarized photons has been theoretically conceived. [19, 38, 39] The interplay of ferroelectricity, ferroelasticity, nonlinear optoelectronic effects, and spin related phenomena makes this material class appealing for the development of a new generation of functional solid-state devices. [40] In conclusion, we have ascribed the T c enhancement in ultrathin SnTe films to the formation of γ-SnTe, an antipolar orthorhombic van der Waals structure, as the film thickness approaches the 2D limit. γ-SnTe phase is dominant when the thickness is 2, 4, or 6 AL. It becomes metastable, and coexists with the rhombic/cubic α/β-SnTe phases when the thickness is larger than 6 AL. The γ-SnTe films with thicknesses of 4n -2 AL exhibit finite total spontaneous polarization, while 4n AL films have no total polarization. The transition temperature of γ-SnTe films thicker than 4 AL is found to be over 400 K. When the γ-SnTe is metastable, it has a possibility of transitioning into β-SnTe at elevated temperatures. Our study has directly connected experiments on ultrathin SnTe films to theoretical studies on GeS-type monochalcogenides, and paves the way for further studies on this novel 2D ferroelectric family.
Experimental Section
Sample Preparation and Characterization: Ultrathin SnTe films were prepared with the same van der Waals epitaxy method described in the Supporting Information of ref. [16] . The variable temperature STM experiments above 120 K were performed on an Omicron VT-STM-XA system. The low temperature STM experiments at 4.7 and 77 K were conducted on a UNISOKU USM1600 system. All the sample preparation and characterization processes were carried out in situ in an ultrahigh vacuum environment with a pressure lower than 2 × 10 -9 mbar during growth and 1 × 10 -10 mbar during STM experiments. Mechanically sharped Pt/ Ir (80/20) alloy wires were used as STM tips. Bias voltage modulation with a frequency of 713 Hz and amplitude of 20 meV was applied in the STS measurements. In order to reduce the thermal drift, when the dI/dV spectra were measured at temperatures over 300 K, there were waiting times of at least 30 min after each new temperature setpoint was reached. The sample bias voltage was scanned both forward and backward to cancel out the drift along the z direction. Acquisition of the dI/dV spectrum took only 3-5 s to avoid large thermal drift, and each measurement was repeated for at least 100 times to average out the noise. For the variable temperature STM experiments, a Lake Shore 335 temperature controller was used. The ramping speed of the temperature was limited to no more than 5 K min -1 . The STM kept scanning during the temperature ramping process to track the drift of the sample, so that all the images were collected from the same domain wall in a single experiment. The splitting of the Bragg spots was extracted by fitting the FFT intensity profile with Lorentzian lineshape. When the splitting is so small that the two peaks cannot be identified by double-peak fitting, FFT was performed separately to the two domains, and the single Bragg peaks were extracted from each domain. The variable temperature experiment was repeated for 5, 6, 4, and 3 times on the 4, 6, 8, and 10 AL thick SnTe films, respectively, while only one set of data was collected from 12 AL thick films, on which domain walls were difficult to find. The error bars in Figure 3h stand for the standard deviation of the data. The magnitudes of the splitting at the (01) and (10) spots were different because of the nonlinear response of the piezoelectric tube in the scanner. This effect can be eliminated by averaging all the splitting values obtained in a single scan. The distortion angle was calculated from the equation Δα = π/2 -α = (s (01),f + s (10),f + s (01),b + s (10) ,b )a/8, in which s (01)/(10),f/b is the splitting at the (01) or (10) spots obtained from the forward or backward scanning image, and a = 6.32 Å is the rock salt lattice constant of bulk SnTe. Comparing with the error of the data, this is a good enough approximation for calculating the distortion angle.
Computational Methods: DFT calculations were performed with the SIESTA package [41] with van der Waals corrections of the Berland-Per Hyldgaard (BH) [42] exchange-correlation type. A crucial setting of PAO. EnergyShift of 0.03 eV yielded 2 AL structures with Δα larger than the experiment by 0.6°-1° at zero temperature, and a lattice parameter 3% larger than experimental values. [43] Calculations were performed with a k-point sampling of 18 × 18 × 1 and larger mesh cutoff of 4000 eV to calculate the potential energy on a real-space grid, while electronic density was converged up to 1 × 10 -5 with a force convergence of 3 × 10 -3 eV Å -1 .
Simulated STM images were obtained by adding individual densities from wave functions starting at the Fermi energy and up (down) to the energy consistent with a given experimental bias voltage (V bias ) on an 11 × 11 supercell, which covers an area of roughly 25 nm 2 . The simulated images were captured 1.5 Å above the material. [44] [45] [46] [47] Adv. Mater. 2018, 1804428 www.advmat.de www.advancedsciencenews.com
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